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WISE-INDUCED BUILDIN6 WIBRATIORlS CAUSE0 BY CQlCOROE Am COWVEWTIW 

AIRCRAFT OPERATIONS AT WLLES CllQD KENNEDY INTERNBTIOMAL AIRPORTS 

FIML REPORT 

By Staff-Langley Research Center* 

Measurements were made of aircraft noise-induced building vibrations near 

Dulles International Airport and John F. Kennedy International Airport as part 

of the Concorde monitoring program. Results of these measurements indicate that 

vibration levels are directly proportional to unweighted sound pressure level 

and are independent of other noise source differences. In particular, no 

evidence was found to suggest that Concorde is more efficient at inducing 

structura; vibration than conventional aircraft. \libration levels which occurred 

during Concorde operations were higher than those occurring during conventional 

jet operations due to correspondingly higher noise levels. In general, 

vibration levels due to aircraft noise were lower than vibration levels due to 

cOnmOn domestic events and well below established structural damage criteria. 

Results of subjective measurements conducted as part of this program indicate 

that noise levels in excess of about 100 dB (unweighted) are required to induce 

floor vibration levels above the human detection threshold. 
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I IQTROWICT ION 

The s t ruc tura l  response of historic and res ident ia l  buildings to aircraft 

noise and the associated potential  f o r  s t ruc tura l  damage and hunan annoyance 

have been the subject of public concern i n  the United S ta t e s  s ince  the decision 

was made to  introduce the Concorde supersonic t ransport  here i n  1976 (ref. 1). 

In response to  this concern, the NASA, i n  cooperation w i t h  t h e  FAA, made a 

series o f  a i r c r a f t  noise and building response measurements i n  the neighbor- 

hoods surrounding Oulles International Airport and John F. Kennedy International 

Airport between May 1976 and k r c h  1978. 

NASA personnel and equipment were deployed to a i r p o r t  conmunities i n  

Fairfax County, Virginia; Montgomery County, Maryland; and New York City a 

to t a l  of five times beginning i n  May 1976, when on a trial basis comnercial 

Concorde service i n  the Uni t ed  S t a t e s  began a t  Dulles International Airport. 

The object ive of the i n i t i a l  study was t o  assess  the potential  f o r  noise- 

induced s t ruc tura l  damage a t  Sully Plantation, an historic si te located near 

the end of the runway most frequently used by Concorde (ref. 2). The data 

base established i n  t h i s  study was considerably expanded by data acquired i n  

a second study conducted a t  Sully Plantation i n  June 1976 (ref. 3). A t h i rd  

study a t  Oulles involved res ident ia l  structures i n  nearby Montgomery County, 

Maryland, the occupants of t ;hich had complained of Concorde noise-induced 

bui lding vibrations (ref. 4) .  Results of a l l  measurements i n  the Dulles 

vicinity a r e  summarized i n  reference 5. 

NASA personnel and equipment were deployed f o r  the fourth and f i f t h  times 

i n  support o f  the Concorde environmental impact assessment when Concorde 

operations began i n  New York a t  John F. Kennedy International Airport. Two 
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studies were conducted i n  the JFK a m  I n  January and February 1978, i n  which 

the physical Iseasummt techniques which had been develsped a t  Qulles to assess 

building damage potential tidere augmted by subjeetlw! m s u m m t s  to SIN@ 

the mechanisms and threshold f o r  human detection o f  aqwra f t  noise-Induced 

building vibration. Detailed results o f  these studies are reported i n  

references 6 through 8. 

The present report susmarfzes the resul ts o f  the w\sA of far t  for both tRe 

Dulles and JFK studies i n  support o f  the CORcarde envirmmmtirl impact assBss- 

ment. Relationships observed between a i r c r a f t  noise and bui lding v%!spons@ alp0 

presented, as are peak measured levels of a i r c r a f t  noise, noise-tnduced 

vibration, and vibrations due to c4JQllon domestic @w@nts. The m@tlsodology I s  

described f o r  a simple p i l o t  study to determine tk threshold o f  human detection 

fo r  vibrat ion and ra t t le .  Results o f  t h i s  p i l o t  study are also presentd. 
I 

METHOD 

The approach t o  the physical assessment o f  Carmrrde noise-induced bui lding 

vibrations involved three steps: 

1. Measurement o f  indoor and outdoor noise and the corresponding 

acceleration levels induced i n  such structural elements as windows, walls, and 

floors. 

2. Development o f  functional relationships ("signatures") between the 

vibrat ion response of structural elements and the noise levels associated with 

events of interest. 

3. Comparison of the Concorde-induced response with the response 

associated with other a i r c ra f t  as well as with co111M)n domestic events or  

c r i t e r i a .  
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The concept o f  a vibration/noise "signature" was conceived to investigate 

the re la t i ve  effectiveness o f  various a i r c r a f t  i n  excit ing structural response. 

Each signature consists o f  a p lo t  o f  acceleration levels fo r  d i f ferent sound 

pressure levels as i n  f igure 1; a window resp-nse signature for a representative 

Concorde takeoff a t  Sully. The vibrat ion lewels result ing from other noire levels 

besides those measured d i rec t l y  can be obtained from such signatures by in ter -  

polation or  extrapolation. Thus, results obtained a t  a given tes t  s i t e  can be 

used to predict building response levels i n  s imi lar  structures subjected t o  

other noise levels. This method o f  describing the noise/vibration relat ionship 

does not re l y  on !aeasurements o f  maximun response levels w i t h  the associated 

s ta t i s t i ca l  d i f f i c u l t y  which results from necessarily small  sample sizes. Also, 

the precise location o f  the noise source i s  not essential t o  t h i s  method as 

would have been the case i f  the bui lding response was defined only i n  terms o f  

max mum levels. 

The noise and vibrat ion measurements made i n  New York were augmented by 

1 i m  ted subjective tests t o  examine the human detection/annoyance thresholds 

for building vibrat ion and r a t t l e  caused by a i r c r a f t  noise. The objective o f  

these tests was t o  develop a method fo r  determining the bui lding vibrat ion 

detection threshold and the minimum ai rcraf t  noise level associated with that  

threshold. The subjective tests were i n  the nature o f  a p i l o t  program, wi th 

more emphasis on developing and refining the tes t  method than on obtaining the 

kind o f  precision results which would require large numbers of tes t  subjects t o  

achieve. Nevertheless, th is  p i l o t  study yielded results which are believed t o  

bracket the human vibrat ion detection threshold and which indicate approximate 

noise levels required to  induce building vibrations that are detectable by 

human be9 ngs. 
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RESULTS AND DISCUSSION 

Physical noise and vibrat ion data a c q b i d  i n  this program were analyzed 

i n  !erns o f  levels and siqnatums. Subjective data were analyzed i n  an attenipt 

t o  determine detection threshold levels for building vibration. 

Noise and Vibration Levels 

Vibration measurements were made on the floors o f  the structures tested, as 

well as the walls and windows. Floor vibrat ion levels were generally not large 

enough during a complete flyover t o  define a vibration/noise signature, however, 

peak levels were high enough to  be uncontaminated by ambient levels and are 

presented i n  f igure 2, along with peak noise levels and peak vibrat ion levels 

fo r  the windows and walls o f  several tes t  structures. Noise and vibrat ion levels 

for Concorde and conventional a i r c ra f t  can be compared i n  th i s  figure, and the 

vibrat ion levels induced by a i r c ra f t  noise can be compared with peak vibrat ion 

levels induced by carmon domestic (nonaircraft) events such as walking inside 

and closing doors and windows. 

Vibration levels caused by a i r c ra f t  flyovers and comnon household evc ts  

can also be compared i n  f igure 2 with the detection threshold for f loor  vibrations 

and the vibrat ion levels which would be expected t o  resul t  i n  structural damage 

t o  walls and windows (broken windows, cracked plaster, etc.). This damage l i m i t  

i s  calculated assuming a sinusoidal velocity o f  1-inch per second f o r  the 

frequencies contained with a 1/3-octave band centered a t  200 Hz. The 200 HE 

band was selected fo r  th is  calculation because representative wall and window 

vibration spectra typical ly peaked a t  or  near th is  frequency. A 1-inch per 

second v e l x i t y  was used i n  the damage l i m i t  calculation because th i s  value i s  

accepted as the safe structure l i m i t  f o r  vibrat ion events last ing several 

seconds (ref .  1). 
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V i  brat ion/b is@ Signatures 

For a given structural element, the response signatures were remarkably 

similar f o r  a l l  a i r c ra f t  tested and, i n  particular, the Concorde response 

signatures were not distinguishable from the response signatures of the 

conventional a i r c ra f t  types tested. This resul t  suggests that  source character- 

i s t i c s  do not make Concorde an inherently more e f f i c i en t  generator o f  bui lding 

vibrations. Higher vibrat ion levels which may be observed during Concorde 

operations are at t r ibuted more to the higher overal l  noise levels o f  Concorde 

than t o  other unique source characteristics. 

Simi lar i t ies i n  response signatures a t  d i f fe ren t  t es t  s i tes were also 

observed. Composite response signatures for three houses i n  the JFK area are 

superimposed i n  f igure 3 to i l l u s t r a t e  th is  s imi lar i ty.  Each signature i s  

composed o f  data from several flyovers o f  dif ferent a i r c r a f t  types. The width 

o f  each signature represents the scatter i n  +he data comprising that  signzture. 

Mote that the signatures from d i f fe ren t  tes t  s i tes overlap considerably; that  

is ,  si te-to-site response variations to a g!ven a i r c r a f t  noise level a r e  

generally no greater than the variations observed from flyover-to-flyover a t  a 

given test  s i te.  This s imi la r i t y  between test s i tes may be due t o  standardized 

construction detai ls (wall stud and f loor  j o i s t  size and spacing, window and 

door size, etc.) which characterized the residential structures tested i n  

these studies . 
The s imi la r i t y  i n  the response sigriatures for Concord@ and conventional 

a i rcraf t  can further be explained by examining the spectral characteristics o f  

the a i r c ra f t  noise. Such a comparison was made i n  ref. 9 where t t  was shorn 

that the spectral shapes o f  Concorde and conventional a i r c r a f t  are similar a t  

the lower frequencies. This result,  together w i t h  the s imi la r i t y  observed 
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betwen the response signatures o f  Concorde and conventional aircraft,  suggests 

that building response to a i r c r a f t  noise depends more on level ihan on other 

source characteristics. 

The heavy l ines i n  f igure 3 represent composite window and wall response 

signatures fo r  the residential structures tested. (Floor vibrat ion levels were 

generally not large enough t o  define a vibration/noise signature.) Each 

signature encompasses a nunber o f  flyovers o f  several subsonic and supersonic 

aircraf t  over mult iple test  sites. It i s  believed that  response signature 

variations among a i r c ra f t  types and from si te- to-s i te are su f f i c ien t ly  small t o  

warrant th is  single signature representation. The equation for the window and 

wall response signature i s  as follows: 

[(as + b)/20J- 6 g = 10 

where g i s  the acceleration i n  g's, S i s  the unweighted outdoor sound pressure 

level i n  dB re la t ive t o  20 micropascals, and the quantit ies a and b are the 

slope and ordinate intercept o f  the response signature. For windows and walls, 

a and b have the following values: 

Parameter S tructura 1 Element 

l b  I -16.50 I -18.13 I 
It can be shown that fo r  the simple case of a mass-dominated response 

(i.e., neglecting damping and stiffness terms), the slope o f  the response 

signature has a theoretical value of one and for a given noise, the ordinate 

intercept depends on the area density of the - m c t u r a l  element, being larger 

for structural elements with lower area density. 
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Detection Threshold 

The noise and vibrat ion measuments made i n  New York were augm@nted by 

l imi ted subjective tests t o  examine the human detection/annoyance thresholds 

f o r  building vibrat ion and r a t t l e  caused by a i r c r a f t  noise. The objective o f  

these tests was t o  dewelop a method f o r  det@rmining the bui lding v ibrat ion and 

r a t t l e  detection thresholds and the minimum a i r c r a f t  noise level needed to 

exceed those thresholds. 

The subjective response tests o f  vibrat ion and r a t t l e  included both 

Concode and a variety o f  subsonic a i r c r a f t  operations. The tests wem 

designed t o  obtain vibrat ion and r a t t l e  thresholds, where threshold i s  defined 

as a posit ive (detection) ra t ing by 50 percent o f  the subjects. The tests were 

conducted u t i l i z i n g  four members o f  the NASA monitoring t e a m  and the residents 

a t  each test  si te. Only the data obtained from the NASA subjects have been 

analyzed, since the residents experienced d i f f i c u l t y  i n  d i f ferent ia t ing between 

noise, vibration, and r a t t l e  due t o  the a i r c r a f t  flyovers. 

A to ta l  of 109 a i r c ra f t  flyovers a t  eight s i tes i n  the JFK area were 

assessed for vibrat ion and ra t t le .  (Since r a t t l e  was detected by ha l f  the 

subjects on only three occasions, no further analyses have been undertaken o f  the 

r a t t l e  detection data.) For the vibrat ion detection task, the subjects usually 

sensed the vibrat ion of the f l oo r  ei ther through the chair i n  which they were 

s i t t i n g  or through the i r  feet. After various noise and vibrat ion measures were 

correlated with the judgments o f  vibrat ion detection, indoor sound pressure 

level and f loor acceleration level were found t o  be the best predictors, whereas 

the peak outdoor sound pressure level and the wall and window acceleration 

levels were found t o  be poorer predictors o f  v i  brat ion detection. 
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Figure 4 presents the percentage o f  the subjects that  detected vibrat ion 

as a function of  the maximum vert ical  f l oo r  acceleration level. The threshold 

vert ical  f l oo r  acceleration level i s  seen t o  be about 68 dB i n  th i s  figure. 

Floor vibrat ion levels o f  t h i s  magnitude or  higher were observed when the 

outside sound pressure levels were i n  excess o f  about 100 dB. Although not 

shown i n  the figure, there were no apparent differences between the judgments 

made a t  d i f ferent  tes t  s i tes o r  f o r  d i f ferent  a i r c r a f t  types. 

The judgments of vibrat ion detection were compared with the IS0 c r i t e r i on  

by applying a weighting t o  the vert ical  acceleration spectra equivalent t o  a 

low-pass f i l t e r  having a corner frequency o f  8 HE and an attenuation o f  2 dB 

per 1/3-octave (curve 1 , ref. 10). The maximum ISO-weighted acceleration levels 

were related t o  the judgments o f  vibrat ion detection and the threshold value 

(54 dB vert ical)  agreed well with the IS0 standard f o r  hospital operating 

theaters and other c r i t i c a l  areas. 

CONCLUDING REMARKS 

A i rc ra f t  noise and building vibrat ion measurement:; were made a t  Sully 

Plantation, a restored 18th century farmhouse adjacent t o  Dul les International 

Airport, and a t  three homes i n  Montgomery County, Maryland. S i m i l a r  measurements 

were made i n  New York on eight homes and a school near John F. Kennedy Inter-  

national Airport. These data were acquired between May 1976 and February 1978 

i n  support of the Federal Aviation Administration's Concorde environmental impact 

assessment. Results of th is  study are as follows: 

1. Representative values of peak a i rcraf t  noise-induced acceleration levels 

fo r  typical structural elements of the homes tested are as follows: 



I .  3. t i p a r i s o n  of vibrat ion response levels during a i r c r a f t  operations wi th 
. .  . " .,.: j ~ ; : ,  . 1: d . . i  .>  x , ,  ,! . r '  ' ' , l r :  3 . . 

, , , +  t i r : ,  .~,.*,. t . .  . , , t , '  tc: t;. * - / . !  

structural dhage c r i & r i a  sttbws the' measured response6 to  be less than thosg ' 
expected to'cause damage such as cracked . (  plaster br broken widows. 

4. The vibrat ion responsi o f  &\\ding elements consisting o f  windows. 

walls and f loors i s  hireckly proport4ondl .to' the unwejghted ' sound pressure 

level o f -  the 'a i rcraf t  'noise'and far  a given. noise level  i s  v i r t ua l l y  independent 

of a i r c ra f t  type. 

3 1 , ;  . ' f , j r  'I ' ' 

- 1  I: I ; ' r . , .  ,:... .. , ' , ' i .  j I 1  , * i :  

* t*sJ;!nl f ( !  I') 7 h t .: ; , ,-' I 1 , , , ' \ '  ' / '  

, <. I , I ,  

5. ' A t  a given noise level, Concorde induces no higher acceleration levels 
- " (  . , , , I :  . . L,'. ! ,  ,- t., ! 

i n  a given structukal element' than 'subsonic a i rc ra f t .  'Higher response levels 

which may occur during Concorde operations are' at t r ibuted more t o  higher 

Concorde noise 1 eve1 s than to  uniqbe doncorde soukx characteristics . 
f :  , ! '  I . , > . - .  

, -  , I :  

6. A method for determining the detection threshold f o r  noise-induced 

building vibrat ion has been successfully'demonstrated i n  a p i l o t  study. Results 

of t h i s  study indicate that  the threshold for human detection o f  f l o o r  acceler- 

at ion l i e s  i n  the range of from 0.001 to-0.005 g's and that an outdoor noise 

level i n  excess o f  about 100 dB (unweighted) i s  required to induce t h i s  thr,shold 

response level. 

. I  

, ii 

7. The measured detection threshold f o r  ISO-weighted f loor acceleration 

levels agreed well with the IS0 standard for hospital operating theaters and 

other c r i t i c a l  areas. 
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